As the free field geological condition is usually complex, the conventional wave attenuation law established for the homogeneous open field may not be applicable for actual field situations. Thus, to understand the impact of the attenuation law and the geological features on the blast wave propagation, a field rock blasting test is conducted and the ground vibration is carefully monitored. To better understand the phenomenon, a numerical model considering the field geological features is established using the finite difference method. The field test results are then used to calibrate the numerical model. From the calibration, the parameters involved in the general form of peak particle velocity have been determined. It is demonstrated that the blast wave propagation in the free field is significantly governed by the field geological conditions, especially the interface between rock and soil layers.
Introduction
Drilling and blasting is one of the most commonly used methods for large-scale excavation in rocks and soils. However, rock blasting induces adverse effects, for example ground vibration [1] [2] [3] [4] [5] [6] and annoying noise. The magnitude of ground vibration, often measured by the peak particle velocity (PPV), is highly dependent on blasting design adopted, ground geological condition, e.g., heterogeneity, characteristic of wave propagation in the media, response to dynamic wave propagation and discontinuities, and distance from the blasting location [2, 7] .
Not only do these geological conditions affect the ground properties significantly, but also they determine its seismic responses [7] . Therefore, a proper predicting and monitoring scheme has to be considered and implemented [2] during blasting. Over the years, many studies have been carried out, based on field tests (e.g. [8] [9] [10] [11] [12] [13] [14] ) and numerical simulations (e.g. [12, 14] ). Yet, so far there is no investigation on the significant effect of the rock-soil interface on the blast wave propagation in ground. In this paper, a field rock blasting test is performed and the ground vibration is monitored. A finite difference method (FDM) based on the platform of universal distinct element code (UDEC) is used to simulate the field test. For comparison, a FD model with same dimension but without rock-soil interface is established and simulated. The results demonstrate that the rock-soil interface plays a crucial role in the blast wave propagation in the ground. 
Nomenclature

The field test
A field rock blasting was conducted at a location in the western part of Singapore. The blast holes are 12 m in depth with 60 kg ammonium nitrate/fuel oil (ANFO) charge per delay. The on-site measured PPVs are listed in Table 1 . From the location of the blasting area and the monitoring points, the geological profile between the blasting area and monitoring points can be interpolated from the geological investigation report. The material properties can be found in Table 2 . 
Numerical simulations
Numerical simulation procedures
In the field blasting test, two holes are detonated simultaneously. The two holes can be replaced by an equivalent one in 2-dimensional modeling. Based on the amount of charge per delay and the blast hole depth, the radius of the equivalent single blast hole can be calculated as e h m r (1) where m is the charge per delay (60 kg), h is the charging length of ANFO (8 m), e is the ANFO charging density (820 kg/m 3 ). Taking all the parameters into above equation, the equivalent blast hole radius is obtained to be 54 mm.
In order to calculate the blast hole wall pressure, ANFO velocity of detonation (VOD) is needed. Sources and Vitello (2004) [15] conducted experiments on ANFO explosion. The relationship between the radius of cylindrical ANFO and VOD is obtained as shown in Fig. 1 
where r e is the radius of ANFO. Thus, the VOD for ANFO with radius of 54 mm is 2823 m/s. Since it is fully coupled between the blast hole and the charging ANFO in the field blasting test, i.e., there is no gap between the explosive and the blast hole wall, ANFO explosion pressure will be the blast hole wall pressure and it can be calculated as [16] Therefore, the blast hole wall pressure is 816.92 MPa. It is noted that in Eq. (3), the blast hole wall pressure is the peak blast hole wall pressure experienced. The blast wall pressure evolution during the blasting is assigned to follow the optimized pressure-time profile by Saharan and Mitri (2008) [16] . Considering the fact that ANFO is non-ideal explosive, the evolution is adopted as shown in Fig. 2 . Since the field rock blasting was performed after removal of surface soils, the numerical model is built as shown in Fig. 3 . It has dimension of 25 × 400 m 2 . The mesh size selection technique in [4] is followed. The left, right and bottom of the model are set as viscous boundaries. The pressure history presented in Fig. 2 is applied on the left boundary as indicated in Fig. 3 . The PPVs at the locations which are the same as the monitoring points in field test are monitored to calibrate the model. Meantime, the locations along horizontal and vertical directions of the model are investigated as well. 
Simulation results
The material properties used in the simulation are tabulated in Table 2 . The model is calibrated by comparing the PPVs from the numerical simulations and the field monitoring points as shown in Table1. The calibration parameter is the damping ratio. The damping scheme used in the simulation is local damping. It is suggested that in dynamic analysis a local damping ratio of To demonstrate the significance of the rock-soil interface in the rock blasting site, a revised model is constructed where the dimension is identical to the first numerical model, but the interface is removed and only rock material exists, with all the parameters the same as the first model. The simulated relationship between the scaled distance and PPV is again plotted in Fig. 4 (5) It can be seen in Fig. 4 that the interface can affect the wave attenuation extensively, from both PPV value and the attenuation trend. More specifically, in the case with interface, the PPVs are all larger than those without interface. Compared to the model without interface, the PPVs at the location on the left side of the interface (i.e. rock) are increased for the model with the interface although they share a similar trend. This can be explained by the superposition effect between the forward wave (propagating away from the blast hole) and backward wave (propagating from the interface back to the rock domain). It is interesting to note that the PPVs at the locations on the right side of the interface are not attenuated, rather increased slightly at the domain investigated. 5 presents the numerically monitored PPV evolution along both the horizontal and the vertical orientations. It is found that the largest PPV values are detected at the location close to the charging ANFO. Especially, for the points at x = 2 and 4 m, there is a dramatic increase of PPV between y = 10 and 25m. This is because the charging location of the ANFO is between y = 13 and 21 m. However, the difference between the two simulation results is that the PPV in the model with interface is higher for all the depth investigated. The most distinct difference is that in the soil domain, e.g. x = 128 and 256 m, the PPV at y = 15 m is increased from the location at x = 128 to x = 256 m (Fig. 5c ). In addition, the PPV attenuation in the soil region is not as obvious as the one in the model without interface. 
Conclusions
This paper investigated the influence of rock-soil interface on the blast wave propagation in mixed soil/rock ground conditions. Two numerical models, namely models with interface and without interface, were simulated. During the simulation, the PPV of monitoring points along horizontal and vertical direction were studied. The simulation results revealed the depth effect of PPV attenuation. Also, through comparison between the two numerical simulations, it was demonstrated that the existence of the rock-soil interface could affect the ground wave propagation significantly.
